It is suggested that co-contraction of antagonist motor units perhaps due to abnormal disynaptic Ia reciprocal inhibition is responsible for Parkinsonian rigidity. A neural model of Parkinson's disease bradykinesia is extended to incorporate the effects of spindle feedback on key cortical cells and examine the effects of dopamine depletion on spinal activities. Simulation results show that although reciprocal inhibition is reduced in DA depleted case, it doesn't lead to co-contraction of antagonist motor neurons. Implications to Parkinsonian rigidity are discussed.
Introduction
Parkinson's disease (PD) is associated with a wealth of motor impairments such as resting tremor, akinesia, rigidity, bradykinesia and impaired postural reflexes. Bradykinesia is the hallmark and most disabling symptom of PD. Recently, a neural model of PD bradykinesia was advanced by Cutsuridis and Perantonis.
1,2 The model was successful at offering an alternative explanation to what other models 24 have suggested about the causes of Parkinson's disease bradykinesia. More specifically, it focused more on the effects of dopamine (DA) depletion in cortex and spinal cord and less on its effects in basal ganglia (BG) (as other models have done). The model provided a unified theoretical framework for PD bradykinesia and it was capable of producing a wealth of neuronal, electromyographic (EMG) and behavioral movement empirical findings such as:
• Increased cellular reaction time The present work extends this model in two ways: (1) It incorporates the spindle feedback not only in the spinal cord as in, 1,2 but also in cortex and examines its effects on the activities of specific types of cells found in primary motor cortex both in normal and in DA depleted cases, and (2) (1), (3)- (12), (14), (20) , (22)- (23)) presented in this section have been developed before by other researchers.
1-5 Eq. (2) has been altered from Ref. 1 to incorporate the effects of spindle feedback on cortical neuronal activities, whereas new equations are also introduced (see Eqs. (13), (15)- (19), (21)). In this section we list all equations (new and old) in order to enhance the readability of the paper and help its readers. In the model, the output of the BG system, which represents the activity of the GPi is modeled by the GO signal
where G 0 amplifies the GO signal, i is the onset time of the ith volitional command, β and γ are free parameters, and u[t] is a step function that jumps from 0 to 1 to initiate movement. The difference vector (DV), is described by
where T i is the target position command, A i is the current limb position command, a w is the gain of spindle feedback and DA 1 is the modulatory effect of dopamine on area 4's PPV inputs to DV cell activity. Dopamine's values can range from 0 (lesioned) to 1 (normal). The desired velocity vector (DVV), 
where i, j designate opponent neural commands, B u is the baseline activity of the phasic-MT area 4 cell activity, and DA 2 , DA 3 , are the modulatory effects of dopamine on DV inputs to DVV cell activity and DA 4 is the effect of dopamine on DVV baseline activity. The reader should refer to Ref. 1 for detailed explanations as to why the DV flexion
The co-contractive vector (P), which is represented by area's 4 bidirectional neuronal activity 10 is given by
The present position vector (PPV) dynamics is defined by
The quadratic force-length relationship of muscle is approximated by
where k is a scaling parameter, F i is muscle force, L i is muscle length, Γ i is resting muscle length, C i is muscle contractile state and indices i = {1, 2} designate antagonist muscle pairs. The contractile state dynamics is defined by
where Γ F is the force threshold, M i is the alphamotoneuron (α-MN) pool activity in muscle control channel i, β i is the contractile rate, and B i is the number of contractile fibers recruited. The muscle lengths for opponent biceps (BIC) and triceps (TRI) muscles are
and
where L 1 and L 2 are the lengths of the BIC and TRI muscles and Θ is the angle of rotation. The limb dynamics is defined by
where F e is the external force, η is the viscosity and I m is the moment of inertia. The contraction rate is defined by
where A i is the descending present position command, P is the coactivation signal, and E i is the stretch feedback from the spindles. Likewise, the number of contractile fibers recruited into force are:
Renshaw population cell activity is modeled by
where the Renshaw cell recruitment rate z i is:
and it depends on the level of α-MN activation. The α-MN population activity is described by the following equation
where X i is the type I b interneuron (I b IN ) force feedback and I j is the type I a interneuron. The type
The I b IN population activity is excited by feedback activity of force-sensitive Golgi tendon organs
The static γ-MN activity is described by
where h(w) = max(w, 0)/(0.3 + max(w, 0)). The intrafusal muscle contraction associated with static γ-MN activation is described by
The dynamic γ-MN activity is
The intrafusal muscle contraction associated with dynamic γ-MN activation is
The spindle receptor activation was defined as
The stretch feedback signal is given by
where a e is the feedback gain signal.
Implementation details
The simulations were performed on a Pentium IV 1.7 GHz PC with MATLAB's version R2006b installed. The whole system of differential and algebraic equations was implemented in MATLAB (The MathWorks, Inc, Natick, MA). Differential equations were integrated numerically using one of the MAT-LAB ordinary differential equation solvers (mainly ode45), an implicit solver based on the DormandPrince pair method. 9 Relative (error) tolerance was set to 10 −6 . The parameters for the normally functioning and DA depleted basal ganglio-cortico-spinal network used in the simulations are depicted in Table 2 . Fig. 2) . Similarly, the activity of bidirectional neurons tuned to both directions of movement is also shown (column 3 of Fig. 2) . The model is able to simulate successfully the activities of both reciprocal (DVV activity) cellular activity and bidirectional neurons (co-contractive vector, P) (columns 2 and 4 of Fig. 2 ). The simulated marked by an arrow first peak of extension and second peak of flexion reciprocal cells is primarily due to spindle feedback input to DV activity (a feature lacking in Ref. 1). Figure 3 shows qualitative comparisons of experimentally derived and simulated reciprocally (columns 1 and 2, respectively) and bidirectionally (columns 3 and 4, respectively) activated neurons. The simulated cell responses were produced when the output of the basal ganglia was reduced and the cortical and spinal dopamine was depleted (see Table 2 for parameter values). Clearly the tri-phasic pattern is disrupted: AG 1 and AG 2 have merged and ANT burst is considerably shortened. In addition, the same DA depleted effects as the ones reported in Ref. 1 are evident, that is there is an overall reduction of firing intensity 10,27 (0.0175 in normal case, 0.008 in DA depleted case), a reduced rate of change of neuronal discharge, 10,27 a disorganization of neuronal activity (neuronal direction specificity is reduced), 10 an increase in baseline activity 10, 27 (0.05 in normal case, 0.065 in DA depleted case) and an increased duration in neuron discharge in area 4 preceding and following onset of movement resulting in a prolongation of its total response duration, exactly as it has been observed in experimental studies 10,11,26,27 (11.23 in normal case, 13.46 in DA depleted case).
Simulation Results

Effects of spindle feedback on area's 4 neuronal activities
Effects of dopamine depletion on spinal activities
Fast goal-directed voluntary movements are known to be associated with three distinct bursts of EMG activity in antagonist muscles. The first agonist burst provides the impulse force for the movement, whereas the antagonist activity provides the braking force to halt the limb. Sometimes a second burst is needed to bring the limb to the final position. In PD patients movements up to a certain size might be performed relatively normally, 29 but there are times that movements would require additional bursts of EMG activity due to inappropriate scaling of the first agonist burst. 30 A plausible hypothesis of why PD EMG agonist burst activity is reduced and why sometimes multiple bursts of AG-ANT-AG are needed to complete the movement has been presented in Refs. 1, 2. Figure 4 shows qualitative simulations of alpha MNs and type I a IN s in normal (column 1) and DA depleted (column 2) cases. A triphasic pattern of neuronal activation marked by arrows (column 1) is evident at both the aMN and I a levels. In DA depleted case (column 2) the temporal sequence of EMG bursts (AG-ANT-AG) is preserved, but disrupted: AG 1 and ANT are shortened, whereas AG 2 at the aMN level is completely abolished. Also, the background cell activity of aMNs is increased. The intensities of both aMNs and I a activities and their rates of change are reduced (EMGmax is 3.62 in normal case and 3.18 in DA depleted case), whereas the duration of their discharge before and after onset of movement is increased. An interesting simulation result is that although the disynaptic I a reciprocal inhibition is reduced 6, 7 and hence there is disinhibition of antagonist MNs, there is no cocontraction of antagonist motor units (see column 2 of Fig. 4) as it has been reported in experimental studies. 11, 25, 28 There is, however, a disorganization of neuronal spinal activity (that is cells that were pausing their activities before DA depletion the same cells are activated in post DA depletion (see marked region in column 2 of Fig. 4) ) similar to the one in cortex.
For this particular simulation movement (final target position: 0.76 rad or 44
• in normal case), the simulated PD patient undershoots the target (final target position: 0.59 or 33 • ). An additional biphasic pattern of muscle activation is required in order for 
Discussion
The present model is an extension of the Cutsuridis and Parantonis 1 neural model of voluntary movement and proprioception in Parkinson's disease bradykinesia. Although the latter model was successful in its regard in simulating a wealth of neuronal, EMG and kinematic data from PD patients and MPTP-treated animals, it was extended by the former model to incorporate experimental evidence regarding the effects of spindle feedback on cortical cell activities as well as examine the effects of DA depletion on spinal activities, particularly the reciprocal disynaptic I a inhibition and its effects on the activities of reciprocally activated α MNs. The present model is successful at simulating accurately the neuronal activities of two types of cells found in primary motor cortex, 10 that is the activities of the reciprocal and bidirectional cells. The model predicted that the triphasic pattern of neuronal activation 10 at the level of area 4 DVV activity, clearly evident in Fig. 2 , is due to the spindle feedback input to posterior parietal neuronal activities. 5, 31 This triphasic pattern then drives the antagonist α MNs and contributes to the generation of the triphasic pattern of muscle activation responsible for bringing the limb from an initial to a final position. In Ref. 1 these two types of cells represented two separate movement control systems found to exist experimentally 32 : the activity of reciprocal neurons was organized for the reciprocal activation of antagonist muscles, whereas the activity of bidirectional neurons was organized for the co-contraction of antagonist muscles. Whereas the reciprocal pattern of muscle activation served to move the joint from an initial to a final position, the antagonist cocontraction served to increase the apparent mechanical stiffness of the joint, thus fixing its posture or stabilizing its course of movement in the presence of external force perturbations. An interesting simulation result of the model was that the reduced reciprocal disynaptic Ia inhibition [6] [7] [8] in the DA depleted case doesn't lead to the co-contraction of antagonist motor units. 8, 11, 20, 21, 25 The co-contraction of reciprocally activated MNs has been suggested as a potential mechanism for Parkinson's disease rigidity. 7 The model predicts that although the co-contraction of antagonist muscles might be a mechanism for PD rigidity, the co-contraction isn't due to abnormal reciprocal inhibition at the spinal level. The causes of MN co-contraction outght to be searched more centrally, potentially in the microcircuit of the motor cortex and/or the basal ganglia. 7 Future extensions of the present model will address this finding by introducing a detailed basal ganglio-cortico laminar model that will account for all known anatomical, neurochemical and neurophysiological evidence of these structures and examine in a more quantitative way the effects of DA depletion on their neuronal activities.
